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論 文 内 容 の 要 旨 
 
Chapter 1. Introduction 
  The zebrafish, has emerged as a major model organism for biomedical research during the last 
decade, due to its many advantageous factors. For example, the zebrafish is small and robust, 
which is cheaper to maintain than mice. Zebrafish biology allows ready access to all 
developmental stages. The optical clarity of embryos and larvae allow researchers to easily 
examine the development of internal structures and real-time imaging of developing pathologies. 
Due to the nearly transparent, the blood vessel in a living zebrafish embryo can be seen using just 
a low-power microscope. Hundreds of zebrafish offspring at weekly intervals can provide 
scientists with an ample supply of embryos to study. And they grow at an extremely fast rate, 
developing as much in a day as a human embryo develops in one month. Zebrafish have a similar 
genetic structure to humans. Many of the zebrafish mutant phenotypes identified in genetic 
screens are reminiscent of human disease states, providing a powerful approach for gaining 
insight to the corresponding pathophysiology. The zebrafish genome has been fully sequenced to a 
very high quality. This has enabled scientists to create mutations to study their function. As a 
vertebrate, zebrafish organs are functionally and morphologically similar to the human, their 
muscle, blood, kidney and eyes share many features with human systems. So it was hoped that 
the screens additionally might unveil mechanisms and pathways directly relevant to human 
disease and therapy. 
In former studies, due to the advantage of the zebrafish, many research about intestine and gut 
flora in the intestine of zebrafish were developed. The development and anatomy of the zebrafish 
digestive system had been investigated in detail. Spontaneous regular gut motility in zebrafish 
begins around 4 days post fertilization (dpf) and comprises anterograde and retrograde peristalsis. 
The frequency, travel distance and travel velocity of peristaltic motion were investigated and the 
frequency of anterograde peristalsis was greater than that of retrograde peristalsis was found. 
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The transport phenomena in the zebrafish intestine is very important, but have not been fully 
clarified. In particular, the peristaltic functions of the zebrafish intestine are unclear. Bacteria in 
the intestine play important role in the hosts’ normal development and health. Hence, many 
researchers used the zebrafish as a model to do the studies on the bacterial flora in the intestine 
of zebrafish. Aeromonas bacteria in the larval zebrafish intestine exhibit a heterogeneous 
distribution and are aggregated in the middle of the intestinal tract were reported. Although the 
distribution of bacteria in the intestine is very important biologically and clinically, its mechanism 
is not fully clarified. 
  The objective of this study is to perform a numerical simulation of the transport phenomena in 
the intestine of a zebrafish larvae and then to demonstrate this transport phenomena. In 
particular, to clarify the mixing and pumping functions of the zebrafish intestine. Next is to 
introduce a computational model to describe the heterogeneous distribution of bacteria in the 
intestines of zebrafish larvae. 
 
Chapter 2. Transport caused by peristaltic motion in the zebrafish intestine 
  In this chapter, transport caused by peristaltic motion in the intestine of zebrafish larvae was 
investigated first by numerical simulation. An anatomically realistic three-dimensional geometric 
model of the intestine at various times after feeding was constructed based on the experimental 
data of Field et al. (2009). The flow of digested chyme was analyzed using the governing equations 
of fluid mechanics, together with peristaltic motion and long-term contraction of the intestinal 
wall. The results showed that retrograde peristaltic motion was the main contributor to the 
mixing function. The dispersion caused by peristalsis over 30 min was in the order of 10−12 m2/s, 
which is greater than the Brownian diffusion of a sphere of 0.4 μm diameter. In contrast, 
anterograde peristaltic motion contributed mainly to the pumping function. The pressure 
decrease due to peristalsis was in the order of millipascals, which may reduce the activation and 
maintenance heat of intestinal muscle. 
 
Chapter 3. Bacterial spatial heterogeneity in the intestine of zebrafish larvae 
  In chapter 3, the bacterial spatial distribution in the intestine of zebrafish larvae was 
investigated, because microbial flora in the intestine has been thoroughly validated that it plays 
an important role in the health of the host. Jemielita et al. (2014) showed experimentally that 
Aeromonas bacteria in the intestine of zebrafish larvae have a heterogeneous spatial distribution. 
Although bacterial aggregation is important biologically and clinically, there is no mathematical 
model describing the phenomenon and its mechanism remains largely unknown. We thus 
developed a computational model to describe the heterogeneous distribution of bacteria in the 
intestine of zebrafish larvae. The results showed that biological taxis could cause the bacterial 
aggregation. Intestinal peristalsis had the effect of reducing bacterial aggregation through mixing 
function. Using a scaling argument, we showed that the taxis velocity of bacteria must be larger 
than the sum of the diffusive velocity and background bulk flow velocity to induce bacterial 
aggregation. 
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Chapter 4. Conclusions 
  Consequently, based from the results of this thesis, we concluded our findings in this thesis will 
be useful for a greater understanding of the mixing and pumping functions of the intestine of 
zebrafish larvae. Our computational model of bacteria aggregation will be useful to further the 
scientific understanding of intestinal microbial flora. 
 
 
論文審査結果の要旨 
 
 腸内の細菌は、腸内フローラと呼ばれる生態系を形成しており、宿主の健康や疾病と密接に関わ
っていることが知られている。しかしながら、腸内細菌の時空間的な分布や増殖過程には不明な点
が数多く残されている。そのため、腸内フローラを予測し、制御するための数理モデルの構築が急
がれている。腸内フローラの生物学的研究では、ゼブラフィッシュがしばしばモデル生物として用
いられている。本論文は、ゼブラフィッシュの稚魚を研究対象とし、腸内の輸送現象と細菌の時空
間分布に関する数理的な研究成果をまとめたものであり、全編 4章からなる。 
 第 1章は序論であり、本研究の背景と目的を述べている。 
第 2章では、ゼブラフィッシュ稚魚の腸内の輸送現象を、数値シミュレーションによって調べて
いる。その結果、逆行性蠕動運動が腸内の物質の攪拌に大きく寄与することを示している。一方、
順行性の蠕動運動は、腸内に流れを起こすポンプとして機能し、腸内の圧力を数ミリパスカル程度
減少させることを明らかにしている。これらの研究成果は、腸内の輸送現象を理解する上で重要な
基礎知見である。 
第 3章では、数値シミュレーションによって、ゼブラフィッシュ稚魚の腸内細菌の時空間分布を
調べている。腸内細菌の走性を考慮し、細菌の不均一な分布を表現できる数理モデルの開発を行
っている。そのモデルを用いて細菌分布のパラメトリックスタディを実施し、腸の蠕動運動が細菌
の凝集を減らす効果があることを明らかにしている。また、スケール則を用いることで、細菌の走
性速度が拡散速度と背景速度の和より大きい場合に、細菌が腸内で凝集できることを示している。
これらの成果は、腸内フローラの形成過程を予測し、制御するための技術の基盤となるため、有用
である。 
 第 4章は結論である。 
以上要するに、本論文は、ゼブラフィッシュ稚魚の腸内の輸送現象と細菌の時空間分布に着目し、
蠕動運動の機能を解明し、腸内細菌の時空間分布を表現できる数理モデルを開発したものであり、
医工学およびバイオメカニクスの発展に寄与するところが少なくない。 
よって、本論文は博士（医工学）の学位論文として合格と認める。 
 
 
 
